A : Significant progress has been achieved in the design of pixelated CZT detectors dedicated to cardiac and breast SPECT imaging. However, their detector geometry and associated collimators' design have limited their clinical use. The aim of this work is to determine the best combination between a large pixelated CZT detector and parallel-hole collimator that can provide high spatial resolution at low injected activity with low-energy radiotracers. Our proposed combination resulted in the design of a novel four-hole matched pixel detector (4-HMPD) configuration. Our novel 4-HMPD design based on large pixelated CZT detector was firstly compared to the standard one-hole matched pixel detector (1-HMPD) configuration using Monte Carlo simulation. We have also predicted the influence of pixel size, interpixel gap and source-to-collimator distance on the basis of resulting spatial resolution, sensitivity and crosstalk events fraction for three collimator hole lengths for Tc-99m (140 keV). Thereafter, we used the same detector and collimator settings of the 1-HMPD configuration as constructed with the D-SPECT camera module (Redlen Technologies, BC, Canada) for our 4-HMPD design to compare the performance of the two configurations. Our preliminary results showed that a large pixel size, a small interpixel gap and a small collimator hole length increased significantly the sensitivity at the detriment of spatial resolution. The performance comparison between the 4-HMPD and the 1-HMPD configurations demonstrated an improved reconstructed spatial resolution (by a factor two), higher contrast with the large sphere of the modified Jaszczak phantom (from 63.1% to 39.1%), clear appearance of cold spheres (> 14 mm diameter) and the cold cylinders (> 11.1 mm diameter). The crosstalk events fraction varied from 8.5% to 12.8%. Our novel detector/collimator combination allows less electronic readout complexity, less crosstalk events between pixels and twofold increase in septal thickness resulting in low septal penetration compared to the classical 1-HMPD configuration. It also showed the highest enhancement in terms of spatial resolution even in cases of low sensitivity with less injected activity, and outperformed the performance of existing conventional NaI (TI) crystal-based systems.
Introduction
Conventional large field-of-view NaI(TI) crystal-based single-photon emission computed tomography (SPECT) cameras are widely used in clinical nuclear imaging [1] . However, their shortcomings namely the indirect signal conversion and low energy resolution have stimulated the introduction of new generation solid-state-based detectors [2] [3] [4] [5] . Cadmium Zinc Telluride (CZT)-based cameras are currently used in clinical routine, especially in cardiac and breast imaging applications [6] [7] [8] [9] [10] . A number of studies confirmed the clinical benefits of the improved performance of these dedicated systems [11] , as technologies enabling to reduce the acquisition time [12, 13] and/or decrease the injected activity to patients [14] . However, it remains a matter of controversy within the nuclear medicine community whether the improved performance of these new dedicated detectors is due only to the CZT material and its pixelated configuration or the geometry of the collimator with the Tungsten material or a combination of both. In addition, these dedicated systems use multiple fixed or movable small detector modules to increase sensitivity [15] . Moreover, their detector geometry and associated collimator configuration have limited their use for imaging few organs or organ systems [16, 17] . In addition, the high cost and limited availability of dedicated CZT systems hampered their widespread use in the clinic, thus impacting the gathering of large databases for multicenter validation studies. As a consequence, further research and development efforts are required to optimize the design of these systems to challenge the popularity of conventional SPECT cameras. To this end, three general purpose SPECT systems have been recently developed, namely the Discovery NM/CT 670 CZT (General Electric Healthcare) [18] , the Veriton system (Spectrum Dynamics) and the Valiance X12 prototype (Molecular Dynamics) [19] . In fact, these cameras are equipped with a fixed parallel-hole collimator used with most gamma-emitting radionuclides. In particular, a preliminary study was performed with medium energy 177 Lu-octreotate tracer [20] .
In each specific imaging examination with gamma-emitting radionuclides, the energy and other important information related to the clinical indication, e.g. high sensitivity required for cardiac imaging [21] or high spatial resolution required for brain imaging [22] , dictate the selection of the collimator. However, the change of collimators is not permitted for large pixelated CZT detectors owing to the high risk of detector damage and problems associated with matching the collimator hole with the detector pixel. Hence, the collimation becomes a performance limiting component for large pixelated CZT SPECT imaging detectors. For applications requiring high sensitivity, an approach involving a large pixel detector matched collimator hole of a large pixelated CZT detector was proposed by Weng et al. [23] . Another approach involving the use of large collimator hole matched with four pixels detector was also proposed by Suzuki et al. [24] . Indeed, the wide pixel detector and hole collimator increase the sensitivity but cannot provide high spatial resolution. Another concept of mountable parallel-hole collimators were proposed by Lee and Kim [25] for preclinical imaging to overcome the trade-off between the sensitivity and spatial resolution. In the HiSens architecture, Robert et al. [26] proposed an electronically based 3D positioning algorithm that enables the use of the depth of interaction (DOI) information and several virtual sub-pixels per collimator hole without increasing the number of readout channels. They also confirmed that these virtual sub-pixels were the feature improving the achievable trade-off between spatial resolution and sensitivity.
For high spatial resolution applications, the use of a divergent collimator and small pixel CdTe semiconductor detector for an ultra-high resolution camera was proposed by Ogawa and Muraishi [27] . Another study reported on the use of parallel-slit collimator and small pixels of spinning strip CZT SPECT detector [28] . However, the drawback of using small pixels is the additional complexity, the cost of electronic reading and the increase of crosstalk events leading to charge sharing between pixels [29, 30] . Another alternative consists in using an existing dedicated cardiac D-SPECT camera [31] without any geometrical modifications to investigate potential applications in brain imaging [32] . The authors reported less than optimal performance in terms of striatal activity estimation and recommended to use a novel design of the D-SPECT system to improve the performance for brain imaging. However, the special geometrical design of this camera and its unique scanning pattern has limited its applications for whole-body SPECT imaging.
Given the above described constraints, the optimal combination between collimator and detector characteristics is sought. In this simulation study using GATE (GEANT4 Application for Tomographic Emission) software package [33] , we focus on the assessment of the performance characteristics of a novel combination of large pixelated detector modelled in conjunction with the 4-HMPD configuration to the same detector modelled in conjunction with the 1-HMPD configuration. The novel proposed combination can provide high spatial resolution at low injected activity for low energy radiotracers (140 keV).
Materials and methods

Monte Carlo simulations
Monte Carlo simulations are commonly used to aid in the design of new detector configurations and to optimize performance parameters. Simulations were performed to assess the resulting image quality of our proposed 4-HMPD design using GATE toolkit. The physical processes of photons interaction with matter were modelled using the GEANT4 package. The spatial and energetic blurring using Gaussian distributions were considered for every event prior to data binning. Various pixelated CZT detector configurations with different detector and collimator characteristics combination were adopted on commercial SPECT imaging devices. Our novel 4-HMPD design was compared to the standard one-hole matched pixel detector (1-HMPD) configuration. We also assessed the influence of different pixel size (2, 2.16, 2.26 and 2.36 mm), interpixel gap (100, 200, 300 and 460 µm) and source-to-collimator distance (2, 5, 10, 15 and 20 cm) on the basis of resulting spatial resolution, sensitivity and crosstalk events fraction for three collimator hole lengths (15.7, 21.7 and 27.7 mm) at the commonly used energy (140 keV) in SPECT imaging. For the sake of performance comparison, the two previous large pixelated SPECT camera configurations were simulated. One corresponds exactly to the D-SPECT camera module (Redlen Technologies, BC, Canada) while the second keeps the same pixel dimensions, but with each collimator hole subdivided into four holes of equal size.
Geometry modelling
A large field-of-view CZT detector with 64 × 64 pixels array, 2.46 mm pitch size, 0.2 mm interpixel gap and 5 mm crystal thickness surrounded with lead shielding was modelled using the GATE simulation toolkit. Each pixel detector is registered with a parallel-hole collimator for the hole matched pixel detector (1-HMPD) and each pixel detector is registered to 2 × 2 holes array with the four-hole matched pixel detector (4-HMPD) configuration. The two configurations used are illustrated in figure 1 and the corresponding collimators specifications presented in table 1. The output data were acquired and analysed using ROOT CERN framework. All the simulations were run on a parallel computing cluster consisting of 112 cores installed in our laboratory.
Capillary line source
A line source (1 mm diameter and 10 cm length) filled with an activity of 37 MBq of 99m Tc was modelled to evaluate the sensitivity and spatial resolution. An acquisition time of 120 sec and 10% photopeak energy window wide [133-147 keV] centred at 140 keV were considered owing to the high energy resolution of the CZT detector. The same acquisition parameters with a large energy window [0-170 keV] were also used to derive the energy spectra.
Modified triple line source NEMA phantom
To evaluate quantitatively the reconstructed spatial resolution, the modified triple line source NEMA phantom containing 3 linear sources of 1 mm diameter each was simulated. One was positioned at the centre of the phantom while the other two were placed at 5.5 cm distances along X and Y axes. An activity 18.5 MBq of 99m Tc was injected in each capillary. A tomographic acquisition with 64 projections, 30 sec per view, 15 cm rotation radius and an energy pulse height window of [133 to 147 keV] were used. Image reconstruction was performed using the STIR software [34] adapted for SPECT imaging using FBP and OSEM algorithms [35] , including resolution recovery (point-spread function modelling) [36, 37] .
Modified Jaszczak phantom
The modified Jaszczak phantom consists of a cylinder (15.6 cm diameter and 16 cm length) containing inserts with 6 cold spheres (diameters of 12.7, 14, 18, 24, 28, and 32 mm) and 6 sectors of cold cylinders (diameters of 6.4, 7.9, 9.5, 11.1, 12.7, and 15.1 mm). This phantom was filled with 185 MBq activity of 99m Tc to assess qualitatively the tomographic uniformity, reconstructed spatial resolution and contrast. The same acquisition parameters adopted for the modified triple line source NEMA phantom were used except that a 25 cm rotation radius was used instead. The tomographic data were also reconstructed (FBP algorithm) using STIR software.
Data analysis
The spatial resolution was measured by means of the full-width at half-maximum (FWHM) on the activity profile passing through the line source. Central, radial and tangential spatial resolutions were calculated on reconstructed slices of the modified triple line source NEMA phantom. The modified Jaszczak phantom was also evaluated using three tomographic image quality metrics; namely the uniformity, spatial resolution and image contrast. The tomographic spatial resolution was qualitatively assessed by reporting the minimum diameter of cylinder seen throughout a sector of 12 successive slices. The tomographic uniformity was evaluated throughout the uniform region consisting of 8 successive slices to reveal any artefacts. Image contrast was evaluated by summing 4 successive slices containing the spheres. Figure 2 presents the comparison of simulated energy spectra of a line source filled with 99m Tc for large pixelated CZT detector with Tungsten or Lead shielding. The characteristic x-ray peaks of Cadmium-48 ( 48 Cd), Tungsten-74 ( 74 W) and Lead-82 ( 82 Pb) materials were identified. A good energy resolution of about 6.2% around the central peak (140 keV) was measured. This can be regarded as a major advantage in simultaneous dual-tracer imaging [38] . As shown in figure 3 , the pixelated CZT detector performance is widely determined by the position of the incident gamma interaction. The interpixel gap is totally covered by septal thickness, however, there is a fraction of crosstalk events occurring in this region. This means that all of the energy of the incident photon is absorbed by the detector but within different pixels. Hence, the incident photon is counted more than once and more than one anode would output the signal, each of them being smaller than the whole signal. Figures 4 and 5 compare the two configurations in terms of spatial resolution and sensitivity variations with source-to-collimator distance and pixel detector size for three collimator hole lengths. Figure 3 . Crosstalk events at the interpixel gap region of a large pixelated CZT detector (only 4 pixels shown). The interpixel gap is totally covered by the septal thickness, however, there is a fraction of crosstalk events occurring in this region due to septal penetration and scatter events. The results showed that a large pixel size, a small interpixel gap increased significantly the sensitivity at the detriment of spatial resolution. Figure 6 presents the spatial resolution and sensitivity variations with respect to septal thickness. The sensitivity decreases rapidly with septal thickness for the 1-HMPD configuration whereas this decrease is much lower for the 4-HMPD configuration. Figure 7 compares the two configurations in terms of reconstructed spatial resolution of the modified triple line source NEMA phantom using FBP and OSEM reconstruction algorithms including PSF modeling. According to the results obtained in table 2, a very good spatial resolution was achieved in the three directions (radial, tangential and central) with the 4-HMPD configuration and FBP reconstruction, or even best with OSEM reconstruction including PSF modeling. The central reconstructed spatial resolution using OSEM algorithm including PSF modeling for both the 4-HMPD and the 1-HMPD configurations were 6.63 mm and 13.3 mm, respectively. Figure 8 compares a representative slice of the Jaszczak phantom reconstructed using FBP for the two configurations. The sphere having a diameter of 14 mm and the third sector with 11.1 mm diameter Table 2 . Comparison of the reconstructed spatial resolution at 140 keV for 1-HMPD and 4-HMPD configurations with FBP and OSEM reconstruction algorithms including resolution recovery (PSF correction). The reconstructed spatial resolution of our 4-HMPD configuration has improved by a factor of two compared to the standard 1-HMPD configuration. 
Results
Discussion
In this simulation study, a novel configuration of matching 4-HMPD configuration for large pixelated CZT detectors is evaluated and compared to the conventional 1-HMPD configuration. The CZT detector has the ability of distinguishing fluorescent x-rays from collimator and shielding materials (figure 2). However, since they are well separated from the photopeak, fluorescent x-rays do not impact the performance of this detector. As expected from our simulations, we didn't notice an obvious tailing effect of the CZT spectrum at the lower side of the photopeak energy. This is mainly related to the detector characteristics, such as crystal thickness, hole mobility and incident gamma interaction positions. Huruska et al. [39] observed, measured and corrected this effect by combining a Monte Carlo-based method with an experimental setup for the pixelated CZT LumaGem 3200 S camera. Fritz and Shikhaliev [40] also recommended to reduce this effect in a planar CZT detector geometry by the use of tilted angle irradiation instead of normal incidence. It can be seen in figure 3 that crosstalk events of photon interaction in this region are essentially due to the contribution of septal penetration and scattered photons. The photon escapes from the prime pixel after Compton interaction and interacts with adjacent pixels and interpixel gap. As consequence, these mispositioned photons increase the charge sharing effect and deteriorate the spatial resolution. The latter will be improved if correction of the charge sharing is applied as reported by Zheng et al. [41] . Their results proposed two correction approaches based on the analysis of transient and charge sharing signals of pixelated CZT detectors. Another important issue to point out is that the intrinsic spatial resolution is equal to the pixel size, if there is no charge sharing between pixels. To this end, a quantitative analysis of pixel size and interpixel gap variation was performed to investigate the crosstalk events, responsible for the fraction of charge sharing between pixels as shown in figure 9 .
The study presented by Iniewski et al. [42] also confirmed that large interpixel gap increase mostly charge sharing if the events hit the gap directly. In our case, the interpixel gap is covered by the collimator septa, however, the crosstalk events also increase with the interpixel gap. In fact, we noticed that with small interpixel gap, the crosstalk events between pixels are amplified. By increasing the interpixel gap, so many events stop at this gap, thus increasing the loss of events in this region. Bolotnikov et al. [43] also recommended that interpixel gap shouldn't be larger than 300 µm to avoid any charge loss between pixels.
As illustrated in figure 4 , the smallest line slope gives always better spatial resolution variation with source-to-collimator distance. The use of large hole collimator size strongly deteriorates the spatial resolution. The solid angle of parallel-hole collimators in the CZT system is 8 times greater than conventional parallel collimators [15] . Due to the large hole acceptance solid angle, the sensitivity is improved at the cost of degradation of the spatial resolution, which implies the incorporation of resolution recovery during SPECT image reconstruction [44] . However, the reconstruction computation time with the large hole collimator takes longer compared to highresolution collimator. Lau et al. [45] recommended that if any resolution recovery algorithm is incorporated with maximum likelihood reconstruction in cardiac examinations, a general purpose collimator should be the collimator of choice; instead of the commonly used high resolution collimator. Figure 5 also shows that the spatial resolution improves by minimizing pixel size. However, with small pixel size, there is sharing of events between adjacent pixels and the pixel where the interaction occurred. The hole width reduction used with the 4-HMPD configuration improves the spatial resolution (table 2 and figure 7) and the contrast (table 3 and figure 8) at the expense of the sensitivity. It is also obvious that the sensitivity improves by decreasing the hole collimator length or by increasing the collimator hole width. However, septal penetration increases the sensitivity but reduces image quality. To obtain a good spatial resolution with high-energy gamma emitters and to maintain an acceptable level of photon penetration within septal separation, the thick septal thickness or the higher collimator hole length must be used as shown in figure 6 . However, the increase of the septal thickness is limited by the detector interpixel gap and an increase of collimator hole length is necessary with any pixelated CZT detector. An optimal septal thickness of 0.32 mm was reported in the study by Weng et al. [46] for energy independence with a large CZT detector. However, in the case of registration with the interpixel gap, it may favour events loss between pixels, which was also reported by Bolotnikov et al. [43] . Table 4 compares the performance of the 4-HMPD configuration versus various commercially available LEHR collimators and the optimized collimator with large CZT SPECT camera reported by Weng et al. [46] . The proposed 4-HMPD configuration shows promising imaging performance and outperforms the all existing conventional NaI(TI) crystal-based cameras.
Despite the promising results, our work bears a number of limitations. Firstly, there is a little fraction of detector area covered by the collimators septa resulting in sensitivity degradation. However, the physical division of the pixel detector by the four hole collimator to four quadrants might result in sub-spatial resolution under the pixel size [47] . Secondly, to evaluate effectively the performance of the CZT detector, two considerations must be taken into account: the gamma interaction model through the Monte Carlo method and the charge induced and collection model with a finite element method (COMSOL Multi Physics) [48] . The electric field and weighting potential distributions inside a detector must be calculated for better quantification of the charge induction and collection.
Conclusion
The performance of a large pixelated CZT detector mounted on a 4-HMPD configuration was investigated using Monte Carlo simulations. This combination allowed high spatial resolution, less electronic readout complexity, less crosstalk events between pixels and a twofold increase in septal thickness resulting in low septal penetration in the collimator. It also yielded higher image quality at reduced injected activity with an acceptable sensitivity compared to the 1-HMPD configuration and conventional SPECT cameras.
